During meiotic prophase, chromosomes organise into a series of chromatin loops emanating 16 from a proteinaceous axis. Yet, while much is known about meiotic chromosome morphology, 17 the mechanism of assembly, and how assembly is regulated, remain open questions. Here we 18 combine genome-wide chromosome conformation analysis (Hi-C) with Saccharomyces 19 cerevisiae genetics and in silico polymer modelling to elucidate the mechanisms that shape 20 meiotic chromosomes. Entering meiosis, grid-like Hi-C interaction patterns emerge that 21 correspond to the localisation of-and depend upon-the meiotic cohesin subunit Rec8. Such 22 65 1e, Extended Data Fig. 1d , e.g. as defined 16 ; for review 13 ). This change in P(s) is reminiscent 66 of the SMC-dependent changes observed via Hi-C during mitosis across species 17-21 . 67 Compaction coincides with meiotic prophase I and the formation of the SC at pachytene, and is 68 lost at later stages ( Fig. 1e, Extended Data Fig. 1d ). 69 70 Schalbetter, Fudenberg, et al. 2018 3
Introduction and results 29 During meiosis, eukaryotic chromosomes are broken, repaired and paired with their homologs 30 followed by two rounds of segregation-a series of events accompanied by dynamic structural 31 changes of the chromosomes. Most prominent is the arrangement of pachytene chromosomes 32 into a dense array of chromatin loops emanating from a central proteinaceous core, the 33 synaptonemal complex (SC), which is highly conserved across eukaryotes 1,2 . In S. cerevisiae, 34 2 SC components include the meiotic cohesin kleisin subunit, Rec8 3 , the transverse filament, 35 Zip1 4 , the axial/lateral elements, Hop1 and Red1 5,6 , and the pro-DSB factors Rec114-Mei4-36 Mer2 (RMM) 7, 8 . Much of our understanding of meiotic chromosome structure has been deduced 37 from a combination of electron microscopy, immunofluorescence microscopy, and the genome- 38 wide patterns of protein localisation determined by ChIP. However, the link between key meiotic 39 protein complexes, chromosome conformation, and genomic sequence remains 40 uncharacterized. 41 42 Chromosome conformation capture (3C) techniques generate maps of pairwise contact 43 frequencies that are snapshots of chromosome organisation. 3C methods were originally 44 applied to assay chromosome conformation in S. cerevisiae, including during meiosis 9 . Now 45 they are widely used across a range of organisms and cellular contexts to link 3D organisation 46 directly with genomic sequence 10 , revealing important roles of the Structural Maintenance of 47 Chromosomes (SMCs) cohesin and condensin in genomic organization 11, 12 , where they likely 48 mediate chromosome compaction via the process of loop extrusion 13 . Here we return to yeast 49 meiosis to interrogate genome-wide chromosome organisation by Hi-C, elucidate mechanisms 50 of chromosome assembly, and define the role of key meiotic chromosome components, 51 including cohesin and the SC. Starting with a synchronized G1 population we analysed timepoints encompassing DNA 54 replication, meiotic prophase and both meiotic divisions ( Fig. 1a,b,c, Extended Data Fig.   55 1a,b,c). In G1, we detect strong centromere clustering ( Fig. 1a,d) and folding back of the arms 56 at the centromeres ( Fig. 1a, Supplementary Fig. 2) , characteristic of a Rabl conformation 9,14 . 57 During meiosis, centromere clustering is transiently dissolved (3-5h, Fig. 1a,d during meiotic prophase ( Fig. 1a,d, Extended Data Fig. 1a) , with no evidence for the transient 61 telomeric bouquet conformation, consistent with prior microscopic analyses 15 . 62 63 Entering meiosis, contact frequency versus distance, P(s), curves display a shoulder, consistent 64 with the linear compaction of chromosome arms increasing due to cis-loop formation (2-4h, Fig.  4 interphase 29 , these observations argue that a cis-acting process generates such focal 106 interactions in meiosis. 107 108 Rec8 is a central component of the meiotic chromosome axis 3 . Assaying a rec8∆ mutant 109 enabled us to determine that Rec8 is absolutely required for the emergence of the grid-like Hi-110 C patterns present in meiosis ( Fig. 2a,b) . Moreover, rec8Δ cells completely lose the shoulder 111 in P(s), indicative of a dramatic loss of arm compaction (Fig. 2b, Extended Data Fig. 4a) , similar 112 to that caused by depletion of SMCs in diverse contexts 17, 19, 21, [30] [31] [32] . Instead of assembling an 113 axis of loops, rec8Δ cells appear to be caught in a state with highly clustered telomeres 114 (Extended Data Fig. 4d, Extended Data Fig. 3) , consistent with previous observations by 115 microscopy 33, 34 . Moreover, in rec8Δ cells cis contact frequency is reduced (Fig. 2d) , similar to 116 G1 cells, and cis/total no longer correlates with Rec8 occupancy. Instead, rec8Δ cis/total 117 displays a decreasing trend along chromosome arms, likely due to persistent telomere 118 clustering (Extended Data Fig. 4d) . 119 120 To test how compaction and grid-like interaction patterns could jointly emerge in meiosis, we 121 developed polymer simulations (Fig. 3a, Methods) similar to those used to successfully 122 describe the assembly of TADs in mammalian interphase chromosomes 13 . Importantly, these 123 simulations employ the cis-acting process of loop extrusion, where extruders dynamically form 124 progressively larger chromatin loops, unless impeded by adjacent extruders or barrier elements 125 ( Fig. 3a) . Because the accumulation of Rec8 at ChIP-seq sites 28 Simulations were used to explore variations in loop extrusion dynamics to determine whether 130 specific parameter combinations are able to generate Hi-C maps that agree with experimental 131 observation ( Fig. 3, Methods) . Models with excellent fits were identified in which ~65% of the 132 genome is covered by extruded loops (Fig. 3b,c, Extended Data Fig. 5 )-a far denser array 133 than present in S. cerevisiae mitosis 21 , but still less compact than human mitotic cells 20 . Even 134 though extrusion can generate compaction independently of barriers ( Fig. 3d) , an intermediate 135 barrier strength is essential to match the grid-like patterns observed experimentally (Fig. 3b) . 136 Despite the simplifying assumptions, simulated chromosomes displayed many features 137 observed experimentally: (i) chromosomes fold into a loose polymer brush 3,36,37 , with a Rec8-138 rich core 3 (Fig. 3f, Extended Data Fig. 5a ); (ii) a grid-like interaction pattern naturally emerges 139 in simulated Hi-C maps (Fig. 3d) ; (iii) importantly, because loop extrusion is a cis-acting 140 process, pairs of Rec8 sites at increasing separations naturally have lower contact frequency 141 ( Fig. 3e) . 142 
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Simulations also highlight the stochasticity of loop positions across the cell population, with most 144 barriers (73%) unoccupied by an extruder, and extruders paused with barrier elements on both 145 sides only a minority of the time (15%) in the best fitting models (Extended Data Fig. 6c ). 146 Because of this, the majority (65%) of extruded loops cross over Rec8 sites, consistent with an The range of loop extrusion parameters we explored encompasses the situation where Rec8 155 sites always halt extrusion and cis-loops are formed between each consecutive Rec8 site. 156 However, simulations with these parameters have quantitatively poor fits with experimental 157 maps ( Fig. 3d- Rec8-Rec8 contacts are much too strong. The poor fit of such 'direct-bridging' simulations 159 underscores the conclusion that only a fraction of Rec8 sites are occupied in a given cell, and 160 argues that cohesin-dependent cis-loops must link regions that are not primary Rec8 binding 161 sites in order to provide compaction without making Rec8-Rec8 enrichments overly strong. 162 163 A crucial prediction of our loop extrusion simulations is that depletion of extruders in meiosis 164 would lead to both decompaction and loss of the grid-like pattern of Hi-C interactions. When we 165 repeated our fitting procedure for rec8Δ, the best fits were for simulations with either no, or very 166 few, extruded loops (Extended Data Fig. 5e ). The lack of compaction in these simulations 167 (Extended Data Fig. 5a ) is consistent with previous EM showing decompacted chromatids in 168 rec8Δ 3 . Such joint consistency between Hi-C and imaging data further supports loop extrusion 169 as a mechanism underlying assembly of the cohesin-rich core and contributing to chromosomal To investigate how homologue synapsis affects chromosome conformation, we assayed 176 pachytene cells in the absence of Zip1, the transverse filament of the SC 4 , and Hop1, an axial 177 element required for Zip1 loading 6 ( Fig. 4a,b) . Both zip1∆ and hop1∆ Hi-C maps retained the 178 Rec8-dependent punctate interactions ( Fig. 4b, Extended Data Fig. 2b,c) , and displayed 179 compaction relative to G1 or rec8Δ, but with the P(s) shoulder shifted left relative to ndt80Δ 180 ( Fig. 4c ). Attempts to model the known zip1∆ and hop1∆ defects in chromosome synapsis 181 simply by removing interhomologue crosslinks from best-fitting ndt80Δ simulations did not 182 recapitulate the P(s) shift observed experimentally (Extended Data Fig. 5f) , consistent with the 183 suggestion that interhomologue contacts make only a minor contribution within meiotic Hi-C 184 maps 24 . Instead, best-fitting simulations had shifts towards slightly lower processivity and larger 185 separation, consistent with less axial compaction relative to the ndt80Δ control ( Fig. 4e) . 186 Interestingly, subtelomeric regions no longer displayed a distinct P(s) in zip1∆ and hop1∆ ( Fig.   187 4d), suggesting that chromosome compaction at chromosome termini is regulated differentially. Our simulations also help reveal a nuanced picture of meiotic chromosome assembly: loops 206 are, on average, larger than the inter-Rec8 peak distance, and more than half of the loop bases 207 are not associated with preferred sites of Rec8 binding. Moreover, it is likely that loop sizes and 208 positions vary widely from one cell to another, making classifications of genomic regions as 209 'axis' or 'loop' a great oversimplification. Despite using the simplifying assumption that all 210 7 barriers had equal strength, our simulations generated interaction maps closely resembling 211 experimental Hi-C maps. This agreement furthers the case for loop extrusion as a general 212 mechanism 19-21,24,29,45-48 that is flexibly employed and regulated in interphase, mitosis, and 213 meiosis. Our results also reveal how the interplay between the synapsis components, Hop1 and Zip1, 233 influences chromosome morphology. That Hop1 and Zip1 are both required to increase 234 chromosome compaction at pachytene likely points at their joint role in promoting synapsis 4,6 , 235 and supports the view that synapsis itself modulates axial compaction. Interestingly, whilst Zip1 236 binds largely uniformly along the arms of pachytene chromosomes 50 , subtelomeres and short 237 chromosomes display an increase in short-range contacts and an earlier shoulder in P(s), 238 consistent with smaller loops or less compression of spacers between loops in these regions, 239 and therefore less axial compaction. Because such differences correlate with disproportionate 240 retention of Hop1 in these regions 50 and diminished efficiency of synapsis 51 , it is possible that 241 Hop1 impedes the pathway whereby Zip1 imposes additional compaction upon synapsis. 242 Nevertheless, it is unclear whether Zip1 mediates this effect by modifying loop extrusion 243 dynamics, or via a distinct process of axial compression, as has been argued for higher-244 eukaryote mitotic chromosome compaction 20 . Given the influence that chromosome structure 245 has over so many aspects of meiosis, teasing apart these mechanisms is of great future interest. and ChIP-seq profiles emerge from the stochastic positioning of extruded loops from cell-to-cell. 429 For statistics, see Supplementary Table S1 . 
Protein Description

Ndt80
Transcription factor required for exit from pachytene Yeast strains and cell culture growth. 555 Strains used in this study were derived from SK1 and are listed in Table 1 . Hi-C library preparation 566 The Hi-C protocol used was amended from 1 by ~5-fold reduction in all materials and volumes. Hi-C data processing and analysis 597 Hi-C sparse matrices were generated at varying spatial resolutions using the Hi-C-pro pipeline 2 , 598 using a customised S288c reference genome (SK1Mod, in which high confidence SK1-specific 599 polymorphisms were inserted in order to improve read alignment rates; manuscript in , and normalized to the average value at 4 kb. P(s) stratified by distance to telomeres was calculated using the combined distance to telomeres for each bin-621 pair (as in 4 ), and excluded bins-pairs where one bin was closer to a centromere than telomere 622 along that arm. Distance to centromeres, and P(s) stratified by this distance, was calculated 623 similarly. Log2 insulation profiles were calculated using a sliding diamond window (as in 5 ) with 624 a +/-20 kb (+/-10 bins) extent; as in 6 downstream analyses were restricted to when there were 625 zero or one filtered bins in the sliding window. To calculate histograms of cis/total (Fig. 2D) , Fig. 3b,c) were computed as the geometric standard 684 deviation of the ratio of simulated to experimental P(s) combined across P Rec8-Rec8 (s), P Rec8-non (s), 685 and P non-non (s), as was previously done for P(s) within TADs of multiple sizes and between 686 TADs 7 , for s from 10kb to 300kb. This measure reflects the typical fold-deviation for P(s). Right: ratio of cis to total contact frequency. e. Intra-arm contact probability versus genomic distance, P(s), indicating the emergence (left) and disappearance (right) of chromosome arm compaction during meiosis. Shaded area bounded above and below by the two ndt80Δ 8h replicates. f. Meiosis was induced in ndt80Δ cells for 8h and meiotic entry was checked by monitoring DNA replication by FACS. g. ndt80Δ cells were grown for 8h in sporulation media and analysed by Hi-C (left). Log2 ratio of ndt80Δ cells 8h over G1 (right). Centromeres and telomeres are indicated by blue and red arrows, respectively, and axial compaction by a black clamp. h. Left: Contact probability of individual chromosome arms stratified by length. Right: Contact probability stratified by the distance from the telomere. 
P(s)
Genomic distance (s) kb Contact probability versus genomic distance, P(s), for G1(ndt80Δ-0h) and ndt80Δ and rec8Δ (bottom right). Data shown is the average (n=2) except for wt-4h. Rec8 peak sites called from ChIP-seq data 28 are indicated in green. For an interactiveview see: http:// higlass.pollard.gladstone.org/app/?config=Twrh61jGT4SlxotaguTIJg c. Simplified illustration of how a grid of peaks on a Hi-C map can emerge between Rec8 sites either by transitive contacts between adjacent loops, or by loops that skip over adjacent sites. Experimentally observed grids extend much further than separation=2 (Extended Data Fig. 4c ) d. Cis/total ratios for Rec8 (green) and nonRec8 (grey) sites for indicated datasets. e. Contact frequency versus distance between Rec8-Rec8 sites (green), Rec8-nonRec8 sites (light green) and nonRec8-nonRec8 sites (green). f. Log2 ratio of contact frequency between adjacent Rec8-sites (separation=1) compared to average cis interactions. g. Log2 ratio of contact frequency centered at Rec8 sites compared to average cis interactions. In ndt80Δ, Rec8 sites show: elevated cis/total frequency (0.85 versus 0.77), elevated pairwise contact frequency (~2-fold at 20 kb), and mild insulation. These distinctions are similar in wild type pachytene (4h) yet absent in G1 (ndt80Δ-0h) or in rec8Δ. In simulations, yeast chr13 was represented as a polymer fiber confined to the nucleus subject to additional meiosisspecific constraints. These include: extruded loops, sister crosslinks, and homolog crosslinks (Methods). Barriers to extruded loops were placed at Rec8 sites 28 . We imposed inter-sister and inter-homologue crosslinks at sites of extruded loop bases in order to approximate the paired arrangement of homologues at pachytene (Extended Data Fig. 6 ). For each set of extruded loop parameters (processivity, separation, and barrier strength), conformations were collected and used to generate simulated contact maps. These were then compared with experimental contact maps via the combined average fold discrepancy with P(s) curves for Rec8-Rec8, Rec8-non, and non-non bin pairs at 2 kb resolution. b. Goodness-of-fit for indicated barrier strengths over coarse grids of processivity and separation demonstrate that intermediate barrier strengths are required to agree with experimental ndt80Δ Hi-C maps. c. Goodness-of-fit for a fine grid of processivity versus separation at barrier strength 0.95. Best-fitting models had separation ~32kb and processivity ~76kb, corresponding to ~60% coverage of the genome by extruded loops of average length 26kb. d. From left to right: contact maps for chr13 for ndt80Δ, and simulations with (i) best-fitting parameters, (ii) relatively stable loops between neighboring Rec8 sites, and (iii) no barriers. e. P(s) split by Rec8-Rec8, Rec8-non, and non-non, as in Fig. 2d . f. Conformations for best-fitting simulations, which highlight: (left) one chromatid colored from start (red) to end (blue); (right) extruders (yellow), extrusion barriers (red), and extruders paused at barriers (orange). . 1a) . Bottom: Log2 ratio of hop1Δ over ndt80Δ (as in Fig. 1g ). For interactive views of the full genome, see http://higlass.pollard.gladstone.org/app/?config=TTBGu5DDR0SHAa09zrjTXA b. Hi-C contact maps of chromosome 11 for hop1Δ and zip1Δ plotted at 2kb bin resolution, showing near-diagonal interactions, as in Fig. 2a . c. Contact probability versus genomic distance for G1, ndt80Δ, hop1Δ, zip1Δ. Shaded area bounded above and below by ndt80Δ replicas. Average between two replicas for zip1Δ and one sample for G1 and hop1Δ are shown. d. Contact probability over genomic distance averaged over all chromosome arms stratified by distance from the telomere. e. Goodness-of-fit for simulations without homolog crosslinks with a fine grid of processivity versus separation at barrier strength 0.95 zip1Δ and hop1Δ. f. Model of meiotic chromosome compaction: Rec8-dependent loop formation leads to initial chromosome arm compaction and emergence of a grid-like pattern of Hi-C interactions that jointly agrees with a mechanism of loop extrusion including barrier elements. We suggest that transcription could impose such barriers. Hop1 and Zip1 are dispensable for this step, but are required for synapsis, where additional compaction occurs differentially along chromosome arms. Fig. 1  a-d . Results from a replicate timecourse, collected and characterized independently of the timecourse in Fig. 1 . a. Hi-C maps, plotted as in Fig. 1a . b. FACS as in Fig. 1b . c. DAPI as in Fig. 1c . d. P(s) as in Fig. 1e . e. P(s) for chromosomes stratified by size for ndt80Δ-0h, ndt80Δ-8h. Short chromosomes display relatively elevated P(s) at short distances, and an earlier shoulder. f. Left: P(s) for individual chromosome arms, stratified by size for wt-4h. Short arms display relatively elevated P(s) at short distances, and an earlier roll-over. Right: Intra-arm P(s) stratified by the distance from the telomere for wt-4h, averaged across all chromosomes. Telomere-proximal regions display elevated P(s) at short distances. g. Intra-arm P(s) stratified by the distance from the centromere for G1 (ndt80Δ-0h), wt-4h, ndt80Δ-8h, averaged across all chromosomes. h. Contact probability of single chromosome arms for ndt80Δ-8h. Extended Data Figure 5 Extended Data Fig. 5 a. Representative conformation for the indicated parameter sets. As in Fig. 3F , one chromatid from a homologous quartet of chromatids coloured from start to end according to the spectrum; other three coloured in grey. b. For the same three conformations, positions of Rec8 sites indicated with red spheres, positions of extruded loop bases in yellow, and extruders overlapping a Rec8 site in orange. Note the stable loops between neighbouring Rec8 sites creates a very elongated chromatid (ii). Also note the majority of Rec8 sites are unoccupied in (iii), despite the self-assembly of two axial cores and a strong brush. Finally, note very dispersed chromosomes in (iv), consistent with EM 3 for rec8Δ. c. Contact frequency versus distance, P(s), for indicated simulations. Note that the loss of the shoulder in P(s) in the case of full extruder depletion mirrors the difference between experimental ndt80Δ and rec8Δ Hi-C maps. Simulations with increased processivity predict that P(s) would shift rightward if unloading was impaired, as could happen in waplΔ. Conversely, if unloading was enhanced, simulations with decreased processivity indicate a leftward shift in P(s), until the absence of extruders. d. Goodness-of-fit for a fine grid of processivity versus separation at barrier strength 0.90. The best-fit occurs at similar processivity and separation as for barrier strength 0.95 shown in Fig. 3c , but with slightly lower goodness-of-fit. e. Goodness-of-fit to rec8Δ data for simulations with the indicated barrier strengths (in grey: 0.00, 0.75, 0.90, 0.95, 0.99, 1.00) over coarse grids of processivity and separation demonstrates that the best fits have few if any extruded loops, regardless of barrier strength. f. P(s) curves for simulations with sisters and homologs with the best-fitting parameters for ndt80Δ-8h maps compared to P(s) for simulations with sisters only show that simply removing homolog tethering does not recapitulate the sort of shifted P(s) seen experimentally in zip1Δ Hi-C. 
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